Conscious normotensive and two-kidney, one-clip Goldblatt hypertensive rabbits were studied to determine the sensitivity of the arterial baroreflex control of renal sympathetic nerve activity (RSNA) and heart rate. The relations of the mean arterial pressure-RSNA and mean arterial pressure-heart rate were examined over a wide range of blood pressures produced by infusions of phenylephrine and nitroglycerin. The maximum slope obtained by logistic function analysis was considered to represent the baroreflex sensitivity. In the early hypertensive group (n=8; mean arterial pressure+SEM, 88±2 mm Hg) on day 5 after renal clip application, the maximum slope of the mean arterial pressure-RSNA relation was -11.3+± 1.2, which was significantly greater than that of the sham normotensive group (-6.9+±0.3, p<0.05). The maximum slope (-4.3+±0.2) of the mean arterial pressure-RSNA relation in the late hypertensive group (n=8; mean arterial pressure, 96±3 mm Hg) on day 21 after renal clipping was significantly smaller than that of another sham group (-7.2 +0.2, p <0.05). In contrast to these changes in the baroreflex control of RSNA, the control of heart rate was attenuated according to the magnitude of mean arterial pressure. To elucidate the mechanisms underlying the potentiated baroreflex, the effects of endogenous neuropeptides were investigated. First, plasma concentrations of angiotensin II and arginine vasopressin that are known to affect the baroreflex were determined. Plasma concentrations of vasopressin (3.1±0.6 pg/ml) as well as of angiotensin II (34±+7 pg/ml) were increased in the early hypertensive group, and the plasma vasopressin returned to a similar level to the sham group in the late hypertensive group (1.3+±0.4 pg/ml). Second, to study endogenous effects of these neuropeptides on the baroreflex, the maximum slopes of the baroreflex curves during infusions of antagonists for the peptides were determined in the early hypertensive group. The maximum slope of mean arterial pressure-RSNA during intravertebral arterial [Sar', Ala8]-angiotensin II (-16.4±1.5) was significantly greater (p<0.05), whereas the maximum slope during intravertebral arterial infusion of d(CH2)5Tyr(Me)arginine vasopressin (-4.7±0.5) was significantly smaller (p<0.05) than that during vehicle infusion (-11.3+±1.2). These results suggest that the baroreflex control of RSNA was potentiated in the early phase of two-kidney, one-clip hypertension in conscious rabbits and that endogenous arginine vasopressin and angiotensin II, which counteract each other, were apparently involved in the potentiated baroreflex mechanism. (Circulation Research 1990;67:1309-1322 H _~umoral factors such as angiotensin II (Ang hypertension.1-4 In addition to their actions on the II), arginine vasopressin (AVP), and nor-heart, the kidneys, and the blood vessels, these epinephrine (NE) are known to be involved peptides (Ang II and AVP) have been shown to in the development and maintenance of renovascular modulate the arterial baroreceptor reflex through various mechanisms.5-9 For example, by exogenous
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baroreflex was found to be decreased, whereas it was been demonstrated to affect the baroreflex,10-12 the precise roles of these peptides in the arterial baroreflex control remain unclear. In addition, only a few studies have examined the effects of endogenously elevated Ang II and AVP on the baroreflex in conscious animals. 13 The arterial baroreflex has been shown to be blunted with the initiation of hypertension,14 and elevation of blood pressure has been considered as a major determinant of the sensitivity of the arterial baroreflex. On the other hand, a recent study has suggested that some compensatory mechanisms by the arterial baroreflex may operate to minimize the elevation of the blood pressure in the early developing phase of renal hypertension. 15 It is therefore assumed that some endogenous neuropeptides could be involved in changing the baroreflex control of the peripheral sympathetic nerve activity and heart rate (HR) in renovascular hypertension in which these neuropeptides are known to be involved in regulating the blood pressure. The present study was undertaken to evaluate the effects of neuropeptides on the baroreflex control of the renal sympathetic nerve activity (RSNA) and HR in the early and late phases of two-kidney, one-clip Goldblatt hypertension (2K, 1C hypertension) in conscious rabbits.
Materials and Methods General Preparations
Experiments were performed on 44 Japanese White rabbits weighing 2.5-3.0 kg in accordance with the guiding principles for research involving animals and humans. In all surgical procedures, anesthesia was induced by 30 mg/kg intravenous pentobarbital sodium and maintained by 6 mg/kg intravenous pentobarbital per hour. Four days before renal clip application, polyethylene catheters (0.76 mm i.d., 1.2 mm o.d., Clay Adams, Parsippany, N.J.) were placed in the left subclavian artery for measurement of arterial blood pressure and in the external jugular vein for drug administration. Further, 2 days after renal clipping (day 2), another polyethylene catheter of the same size for intravertebral arterial infusions of drugs was inserted in the right subclavian artery, and the tip of the catheter was placed at the origin of the right vertebral artery according to van Zwieten's method. 16 The catheters were exteriorized at the back of the neck. The arterial pressure (AP-611G, Nihon Kohden Co., Tokyo) and HR (AT-601G, Nihon Kohden) were recorded for 60 minutes daily in a sitting position to document the changes in mean arterial pressure (MAP) and HR before and after renal clip application. Production of Two-Kidney, One-Clip Hypertension On day 0, a stainless clip with a slit of 0.5 mm in width was placed on the right renal artery through a flank incision by using a dissecting microscope so as not to cause damage to the renal nerves. To compare with the early and the late renal hypertensive groups and eliminate the effects of time-dependent changes on hemodynamic parameters and the baroreflex sensitivity, we prepared two groups of sham-operated animals that corresponded to the respective phases of 2K, 1C hypertension (described below). The renal clip was placed close to the right renal artery in the sham-operated groups.
Recording and Quantification of Renal Sympathetic Nerve Activity
Through a retroperitoneal approach, the left renal artery and vein were exposed under the microscope. The renal nerves along the artery were carefully isolated and Teflon-coated stainless wire electrodes (0.05 mm i.d., 0.23 mm o.d., A-M System, Inc., Everett, Wash.) were implanted around the renal nerves. The nerves and the electrodes were covered and fixed together with silicone gel (Silgel 604A and 604B, Wacker Chemie, Munich).1117 The electrodes were also exteriorized at the back of the neck. After the implantation of the renal electrodes, the rabbits were again kept in standard cages so that they could be given free access to chow and water.
RSNA was amplified with a differential amplifier (AVB-10, Nihon Kohden) with a bandpass filter of 50-3,000 Hz and made visible on an oscilloscope (VC-10, Nihon Kohden). The RSNA, after the passage through the differential amplifier, was rectified and integrated using a root mean square (RMS) integrator with a time constant of 28 msec (El-601G, Nihon Kohden). We designated this as the "RMS of RSNA." This signal was further filtered at 0.08 Hz for quantification. We designated this as the "mean RSNA." The background noise was determined when the nerve activity had been eliminated by increasing MAP with phenylephrine infusion. The pulse pressure, MAP, HR, original neurogram of RSNA, RMS of RSNA, and mean RSNA were simultaneously recorded on a thermal array recorder (RTA-1300, Nihon Kohden) and stored in a multichannel data recorder (A-89, Sony Inc., Tokyo).
Determination of the Baroreflex Sensitivity
On the day of determination of baroreflex sensitivity, conscious rabbits were placed in a shielded room. Before the experiment, the rabbits were allowed 60 minutes to become acclimatized to their environment.
The sensitivity of the baroreflex control of the RSNA and HR was determined as follows. Progressive infusion of phenylephrine (PE; 0.9-77.0 1tg/kg/ min, diluted in 0.9% NaCl) was performed at flow rates ranging from 0.0096 to 0.760 ml/min using a compact infusion pump (955 -E, Harvard Apparatus, Millis, Mass.) for 2 minutes to induce 30 mm Hg of increase in MAP. Then, nitroglycerin (100 jig/kg, diluted in 0.9% NaCl) was infused at a flow rate of 0.068 ml/sec with the pump for 15 seconds to induce 25-30 mm Hg of decrease in MAP. In the present study, PE was infused first, and then at least 30 minutes elapsed before nitroglycerin was infused. Before infusions of PE and nitroglycerin, the levels of the MAP, HR, and RSNA values were ascertained to be within the same ranges. Because of these procedures, a wide range of changes in MAP (50-130 mm Hg) was obtained. For data analysis, RSNA and HR were plotted at 5 mm Hg intervals of MAP. The control values of MAP, HR, and RSNA were taken as their 3-minute averages before the infusion of PE. The value of the mean RSNA before the PE infusion was defined as 100%.
Data for the MAP-RSNA or MAP-HR relations during increases and decreases in MAP were collected and fitted to a logistic function curve. The equation used for the data analysis was based on the following mathematical model1018:
In this equation, P1 is the "range" of the response of RSNA or HR, P2 is the slope coefficient (but not the slope itself), P3 is the MAP at the midpoint of the curve (i.e., it corresponds to MAP at the midpoint of the RSNA or HR range), and P4 iS the "lower plateau" of RSNA or HR. Data were fitted to the logistic function with a nonlinear regression program (NLIN PROCEDURE, SAS Institute Inc., Cary, N.C.) on an IBM 3081 computer.
In the present study, the maximum slope (Sma, -P1xPPJ4) calculated from the parameters of the logistic function curve18 was considered as the sensitivity of the baroreceptor reflex. Further, the slope of the logistic curve at any given MAP was calculated with the computer from the first derivative of the equation described above. 19 To make the parameters physiologically meaningful and to avoid confusion in interpreting the data, we defined some more appropriate terms according to the studies of Head where BP50 is the MAP at the midpoint of the RSNA or HR range.
Experimental Protocols
We examined the relations of MAP-RSNA and MAP-HR in the following four groups of rabbits in the conscious state in a sitting position. In each group, the animals were allowed to recover for more than 3 days after the implantation of the renal electrodes before the determination of the baroreflex sensitivity to eliminate the effects of surgery, anesthesia, and dehydration. The infusion of PE was begun at least 15 minutes after the initiation of background infusion of vehicle.
Early hypertensive group. The clip was placed on the right renal artery on day 0, and the electrodes were implanted on day 2. On days 5 and 6, the sensitivity of baroreflex control of the RSNA and HR was determined during background intravertebral arterial infusions of Ang II analogue (Ang II A) and vehicle, or AVP antagonist (AVPX) and vehicle. Ang II A and AVPX were administered in the same rabbits on different days and designed in a random order. Background infusions of Ang II A or AVPX were initiated at least 180 minutes after the end of the infusion of vehicle.
The baroreflex sensitivity was first determined by PE and nitroglycerin with a background intravertebral arterial infusion of a vehicle (n=8, 0.9% NaCl, 30 /ul/min) with a microliter syringe pump (special model, Harvard Apparatus).
With background infusion of Ang II A (n=8), the purpose of the experiment was to examine the modulatory action of endogenous Ang II on the baroreflex control of RSNA and HR. The dose of intravertebral arterial infusion of Ang II A (0.25 ,ug/kg/min) was predetermined in our preliminary pilot experiment to ensure that the pressor effect of 10 ng/kg/ min of intravenous Ang II was blocked. The baroreflex sensitivity was determined by PE and nitroglycerin with a background intravertebral arterial infusion of [Sarl, Ala8]-angiotensin II (Ang II A; Peptide Institute, Inc., Osaka, Japan; 0.25 ,ug/kg/ min, 30 ,l/min). On determination of the sensitivity of baroreflex during Ang II A infusion, even if RSNA was increased by Ang II A, we defined the level of mean RSNA recorded just before the PE infusion during the vehicle infusion as 100%.
With background infusion of AVPX (n=8), the purpose of the experiment was to elucidate the effect of the endogenous AVP on the baroreflex control of RSNA and HR. d(CH2)5Tyr(Me)AVP (AVPX) is known to antagonize the vasoconstrictive (V1) effect of AVP.22 To exclude the direct vasodilating effect on the vascular smooth muscle, AVPX was infused into the vertebral artery instead of into a vein. The sensitivity was determined with a background intravertebral arterial infusion of AVPX (Sigma Chemical Co., St. Louis; 1.0 ,ug/kg/hr, 30 ,ul/min). This dose of AVPX infused into the vertebral artery had been found to eliminate the changes in MAP, HR, and RSNA induced by 3.0 mU/kg/min of intravenous AVP in our preliminary experiments. On determination of the sensitivity of the baroreflex during AVPX infusion, even if RSNA was increased by AVPX, we defined the mean RSNA recorded just before the PE infusion during the vehicle infusion as 100%. After the experiment, india ink was infused into the catheter and the distribution to the hindbrain area was confirmed.
Further, to evaluate the relative importance of the sympathetic and vagal systems in alteration in the baroreflex sensitivity and to determine the maximal capability to activate or withdraw the sympathetic and vagal tone, the sensitivity of the baroreflex control of RSNA and HR was examined with administrations of methyl atropine (n = 6), atenolol (n = 6), and vehicle in other early hypertensive rabbits, according to the method of Head and McCarty. 20 On days 5 and 6, 180 minutes after the end of the determination of the baroreflex sensitivity with the vehicle, the sensitivity was examined with either methyl atropine (0.5 mg/kg i.v., Sigma) or atenolol (1.0 mg/kg i.v., Sigma). To eliminate the effects of the cardiopulmonary reflex, 0.9% NaCl was infused at a rate of 30 ,ul/min after the injection of atropine and atenolol. Atropine and atenolol were administered in the same rabbits on the different days, and the order of the administrations was determined in a random manner.
Sham I group. In this group, sham clipping was performed on day 0, and the renal electrodes were implanted on day 2. On days 5 and 6, the baroreflex sensitivity was determined with background intravertebral arterial infusions of the vehicle, Ang 11 A, and AVPX (n=8). In other sham-clipped rabbits (n=6), the baroreflex sensitivity was determined with the administrations of vehicle, methyl atropine, and atenolol. The doses and rates of administrations of vehicle, Ang II A, AVPX, atropine, and atenolol were identical with the protocol in the early hypertensive group.
Late hypertensive group (n=8). The renal clip was put in place on day 0, and the renal electrodes were implanted on day 18. On day 21, the baroreflex sensitivity was determined by PE and nitroglycerin with a background intravertebral arterial infusion of the vehicle.
Sham II group (n=8). The sham operation was performed on day 0, and the renal electrodes were implanted on day 18. On day 21, the baroreflex sensitivity was determined with a background intravertebral arterial infusion of vehicle.
Plasma Concentrations of Vasoactive Substances
We withdrew 3 ml blood from each animal (in the sitting position) to determine the plasma concentrations of Ang II, AVP, and NE at least 3 hours before the determination of the baroreflex sensitivity. An equivalent dose of blood was infused into the venous catheter from donor rabbits. The plasma concentrations of Ang II and AVP were estimated by radioimmunoassay,3,23 and that of NE was measured by high-performance liquid chromatography.24 For these methods, the intra-assay coefficients of variation of Ang II, AVP, and NE were 8.6%, 4.7%, and 4.4%, respectively. The interassay coefficients of variation were 10.3%, 7.5%, and 7.5%, respectively.
Statistical Analysis
Data are presented as mean+SEM. Comparisons of the baseline values of MAP and HR, the parameters obtained by logistic function analysis, the calculated S ,a,, and the plasma concentrations of Ang II, AVP, and NE in the sham 1, early hypertensive, sham II, and late hypertensive groups were performed by one-way analysis of variance (ANOVA) with repeated measures.25 They were followed by Scheffe's F test as a multiple comparison procedure. 26 Comparisons of the MAP, HR, the parameters of the logistic function, and the Sm., among the data during the infusions of vehicle, Ang II A, and AVPX and during administrations of vehicle, atenolol, and methyl atropine in the sham I and in early hypertensive groups were also performed by ANOVA and Scheffe's F test.
Differences with p <0.05 were considered as significant.
Results Figure 1 illustrates typical recordings obtained in the present study for the arterial pressure, MAP, HR, and RSNA in response to an increase in MAP produced with PE infusion (left panel) and to a decrease in MAP with nitroglycerin infusion (right panel) in a conscious rabbit of the early hypertensive group.
Baseline Data of Mean Arterial Pressure and Heart Rate
The MAP of the early hypertensive group (88±2 mm Hg) was significantly higher than that of the sham I group (76+1 mm Hg), and MAP of the late hypertensive group (96 + 3 mm Hg) was significantly higher than that of the sham II group (77±2 mm Hg).
In the early and late hypertensive groups, HR (230±+12 and 232±9 beats/min) did not reveal any significant changes compared with those of shamoperated groups.
Plasma Concentrations of Vasoactive Substances
In Figure 2 , changes in the plasma concentrations of Ang II, AVP, and NE are shown. Ang 11 (34+7 pg/ml) and NE (361+34 pg/ml) were significantly elevated in the early hypertensive group compared with those in the sham I group (Ang II, 10±+1; NE, 118±27). In the late hypertensive group, Ang II (17±4) and NE (174±32) were not statistically different from those in the sham II group (Ang II, 10+1; NE, 121±36). The plasma AVP concentration (3.1±0.6 pg/ml) in the early hypertensive group was also significantly higher than that in the sham I group (0.9 ±0.3). It was decreased to a similar level to that in the sham II group in the late hypertensive group (1.3±0.4). Mean Arterial Pressure-Renal Sympathetic Nerve Activity Relations of the Sham I, Early Hypertensive, Sham II, and Late Hypertensive Groups To investigate the differences in the MAP-RSNA and MAP-HR relation curves among each group by statistical analysis, the logistic function curve was used, and the parameters were obtained. Throughout the present study, over 90% of the data of the MAP-RSNA and MAP-HR relations fitted well to symmetric logistic curves (see correlation coefficients in Tables 1-6 ). This was confirmed by the small values of the mean square root of the differences between the measured and estimated RSNA and HR. The effects of renal clipping on the baroreflex control of RSNA are illustrated in Figure 3A . Although the differences between the values below did not reveal statistical significance, the P2 value (slope coefficient) of the early hypertensive group (0.14+0.02) tended to be larger than that of the sham I group (0.11±0.01), and P2 of the late hypertensive group (0.08±0.01) tended to be smaller than that of the sham II group (0.11±0.02). As shown in Table 1 , the range and upper plateau of RSNA of the early hypertensive group were significantly larger than those of the sham I group (p<0.05), whereas the range of RSNA of the late hypertensive group was slightly smaller than that of the sham II group but without significance.
The calculated Sm.x values are also presented in Table 1 . Smax of the early hypertensive group (-1 1.3 ± 1.2) was significantly greater than that of the sham I group (-6.9 ±0.3,p<0.05) and that of the late hypertensive group (-4.3 ±0.2). In contrast, Smax of the late hypertensive group was significantly smaller than that of the sham II group (-7.2±0.2).
The slopes of the curves of the MAP-RSNA relation at any given MAP obtained from the derivative of the logistic curve equation are depicted in Figure   3C . This figure also demonstrates that the Smax of the baroreflex curve relating MAP-RSNA of the early hypertensive group was larger than that of the sham I group and that the Smax of the late hypertensive group was smaller than that of the sham II group. Mean Arterial Pressure-Heart Rate Relations of the Sham I, Early Hypertensive, Sham II, and Late Hypertensive Groups Figure 3B illustrates the average MAP-HR relation curves of each group. The parameters derived from the logistic function and the Sm. are presented in Table 2 . The ranges of HR of the early hypertensive group and the late hypertensive group were significantly smaller than those of the sham I and sham II groups, respectively. The lower plateaus of the early and the late hypertensive groups were significantly elevated compared with the lower plateaus of the sham I and sham II groups. The upper plateaus of the early and late hypertensive groups were not different from those of their sham groups.
Contrary to the unique changes in Sm,, observed in the MAP-RSNA relations ( sham IIgou andthtote late hypertensive groupsEahcreepsnt is alsoag smaller than that of the sham II group. Panel C: Slopes of the baroreflex control ofRSNA with variation of mean arterial pressure in each group. The slope at any given mean arterial pressure was obtained from the first derivative of the logistic curve equation. The maximum slope of the early hypertensive group is greater than that of the sham I group, and the maximum slope of the late hypertensive group is smaller than that of the sham II group. During the infusion of Ang II A, MAP decreased significantly from 88±2 to 79±2 mm Hg (p<0.05), and HR increased from 230±11 to 245 ± 10 beats/min (p>0.05). The mean value of mean RSNA before PE infusion during Ang II A infusion (146±21%) was significantly larger than that just before PE infusion during vehicle infusion (100% by definition). During the intravertebral arterial infusion of AVPX, MAP did not exhibit any significant change (from 88±2 to 86±3 mm Hg, p>0.05), and HR increased slightly but not significantly from 230±11 to 236± 9 beats/min (p>0.05). The mean value of mean RSNA before PE infusion during AVPX infusion (118±9%) was significantly larger than that before PE infusion during vehicle (100%).
The MAP-RSNA relation curves during the background intravertebral arterial infusions of Ang II A, AVPX, and vehicle in the early hypertensive group are illustrated in Figure 4A . The parameters and calculated Sma,, are shown in Table 3 . The range and upper plateau of RSNA during Ang II A infusion were slightly but not significantly larger than those during vehicle infusion, whereas the range and upper plateau during AVPX infusion were significantly smaller than those during infusion of vehicle.
The Sma, of the MAP-RSNA relation during Ang II A infusion was significantly greater than Smax during vehicle infusion in the early hypertensive group (p<0.05). On the other hand, Smax during AVPX was significantly smaller than during Ang II A and vehicle. Figure 4C illustrates the slopes of the baroreflex control of RSNA at any given MAP derived from the derivative of the logistic curve equation during infusions of the vehicle, Ang II A, and AVPX in the early hypertensive group. This figure also demonstrates that the Smax of the curve during Ang II A infusion was larger, whereas the Sm., during AVPX infusion was smaller than that during the vehicle infusion.
In the sham I group, none of the parameters of the MAP-RSNA relation curve showed significant differ- The maxcimum slope of the mean arterial pressure-RSNA curve during Ang II A infusion is greater than those during AVPX and vehicle infusions. The slope of the mean arterialpressure-RSNA curve duringAVPXinfusion is smaller than that during vehicle. The slope ofthe mean arterialpressure-heart rate curve duringAng IIA infulsion is greater than that during vehicle infusion. Panel C: Slopes ofthe baroreflex control ofRSNrA with variation ofmean arterialpressure duringAng IIA, A VPX, and vehicle infusions in the early hypertensive group. The slope at any given mean arterial pressure was obtained firom the first derivative of the logistic curve equation. The maximum slope ofthe curve duringAngIIA is greater, whereas that duringAWPXis smaller, than that duning vehicle infulsion. ences during Ang A infusion from those during vehicle infusion. During AVPX infusion, the upper plateau (220±+2) and MAP corresponding to the mid-point of the RSNA range (73 +2) were reduced only slightly, but not significantly, compared with those during vehicle. The Sm,. during the background infu- Figure 4B . The parameters and Sma,, are shown in Table 4 . The range and upper plateau of HR during Ang II A infusion were slightly larger than those during vehicle, although there were no statistical differences. The lower plateau during Ang II A was significantly smaller than that during AVPX infusion. Smaxof the MAP-HR curve during Ang II A infusion was significantly larger than during vehicle, and Smaxduring AVPX was not different from during vehicle.
In the sham I group, the MAP-HR relation curve during AVPX infusion was only slightly shifted to the right and upward, probably because of the increase in the basal HR without any decrease in MAP. There were no changes in the Smax during infusions of Ang II A (-3.6 ±0.2) and AVPX (-4.0±0.2) compared with the Smax (-4.2±0.3) during vehicle infusion in the sham I group. Also, the ranges of HR during Ang II A (243±15 beats/min) and AVPX (229±17 beats/ min) infusions were not significantly different from the range during the vehicle (246±11 beats/min).
Contributions of Sympathetic and Vagal Nerve Activity to Alterations in Baroreflex Sensitivity
Figures 5A and 5B demonstrate the MAP-RSNA relation curves and Figures 5C and 5D show the MAP-HR relation curves with vehicle, atenolol, and methyl atropine in the sham I and early hypertensive groups. In the sham I group (Figure 5A, Table 5 ), the upper plateau and the range of RSNA were slightly increased by methyl atropine compared with those by vehicle. The Smax of the MAP-RSNA curve with atropine (-7.6±0.3) was slightly increased compared with Smax with vehicle (-5.9±0.2), but there was no statistical significance. The upper plateau, range, and Smax by atenolol did not reveal any significant differences from those by vehicle. As shown in Table 6 , the upper and lower plateaus of the MAP-HR curves ( Figure 5C ) were elevated by methyl atropine in comparison with those by vehicle, and the converse was true for the curve by atenolol in the sham I group.
In the early hypertensive group (Figures SB and  5D ), by the administration of methyl atropine, the HR and RSNA were increased to 295±6 beats/min and 121+4% without significant alteration in MAP (88±2 mm Hg). After atenolol, HR and MAP were reduced to 205 +7 beats/min and 79+2 mm Hg, and the RSNA showed a significant increase of 130±5%.
The upper plateau and range of RSNA were significantly increased by atropine compared with those by vehicle (p<0.05). The Sm,, of the curve was also increased by administration of atropine (-12.6 ±0.6, Table 5 ). The upper plateau, range, and Smax, of the MAP-RSNA curve by atenolol were not significantly different from those by vehicle. As shown in Figure  5D and Table 6 , the upper and lower plateaus of the MAP-HR curve with methyl atropine were different from those with vehicle. The upper and lower plateaus with atenolol were not different from those with vehicle, and the Smax (-1.6+±0.2) with atenolol were significantly smaller than with vehicle.
As shown in Table 5 and Figures SA and 5B , the range and Smax of the MAP-RSNA with methyl atropine in the early hypertensive group were significantly greater than those with atropine in the sham I group. In contrast, as shown in Table 6 and Figures   5C and SD, the range and Sm. of the MAP-HR relation curve with atenolol in the early hypertensive group were significantly smaller and the lower plateau was significantly larger than those with atenolol in the sham I group. On the other hand, the range and Smax of the MAP-HR curves with methyl atropine treatment did not show significant differences between the early hypertensive and sham I groups. Each curve represents an average value ofsix conscious rabbits. The maximum slope and the range ofthe mt arterialpressure-renal sympathetic nerve activity curve treated with methyl atropine in the early hypertensive group were larger tli those in the sham I group (panels A and B). The Sm,,, and the range of the mean arterial pressure-heart rate curve treated u4 atenolol in the early hypertensive group were smaller than those in the sham I group (panels C and D).
Discussion
The present study, which was performed in conscious rabbits, is the first to demonstrate an increase in the sensitivity of the arterial baroreflex control of RSNA but not of HR during the development phase of 2K, 1C hypertension. The major findings of the study indicate that this potentiation of the baroreflex was closely related with the endogenous AVP a Ang II in these animals.
Ang II exerts a diverse action including the folle ing: 1) increases the central sympathetic outflow, raises peripheral resistance, and 3) stimulates t secretion of AVP and aldosterone. As for the effe of exogenously administered Ang II on the baro ceptor reflex, controversy exists whether Ang II has inhibitory effects on the baroreflex control of the sympathetic nerve activity.5627 Moreover, few data on the role of endogenous Ang II in the modulation of the baroreflex have been presented. 28, 29 Our data in the present study demonstrated that the sensitivity of the baroreflex control of RSNA was increased accompanied by simultaneous elevations of the blood pressure and plasma concentration of Ang II in the early phase of 2K, 1C hypertension. These results may contradict a previous study in which the sensitivity of the arterial baroreceptor was decreased with the initiation of hypertension.14 However, several studies performed in the early and developmental stages of hypertension in experimental animals with high renin support our present data. Ueda et a130 reported that the baroreflex was transiently potentiated in the early phase of renal hypertension. Kirby and Vatner15 recently found that the sensitivity of the arterial pressure component of the baroreceptor response to carotid sinus hypotension was increased in conscious dogs during the development stage of one-kidney, one-wrap hypertension. According to these experiments, endogenously elevated Ang II is suggested to play some roles in modifying the baroreflex control, although the precise mechanisms remain unclear. To clarify the role of the endogenous Ang IL in the baroreflex regulation, we infused Ang II A in the early hypertensive group with measurements of the sensitivity of the baroreflex. The ranges and sensitivities of the baroreflex control of both RSNA and HR during the Ang II A infusion were found to be significantly increased. Thus, the present results strongly suggest that increased endogenous Ang II caused by renal clipping blunted the baroreflex control of RSNA. These results indicated that mechanisms other than Ang IL may contribute to the potentiation of the baroreflex control of RSNA observed in the early hypertensive group. A number of previous studies have shown that intravenous administration of AVP facilitates the arterial baroreflex, acting in the central nervous system78 or on the baroreceptors. 9 Imaizumi and Thames3' observed that intracerebroventricularly administered AVP induced an increase in the sensitivity of the baroreflex control of RSNA. On the other hand, both MAP and HR were increased with administration of intracerebroventricular AVP because of the increased sympathetic nerve outflow. 32 These studies imply that actions of AVP may be different in the peripheral circulation and in the central nervous system. In contrast to these results of exogenously administered AVP in the cardiovascular regulation, very few data concerning the effects of endogenous AVP on the baroreflex have been reported. In the present study, plasma concentration of AVP increased threefold to fourfold in the early hypertensive group, suggesting that endogenous AVP is a possible candidate for potentiation of the baroreflex control of RSNA.
To examine the role of endogenously elevated AVP in the modulation of baroreflex, we used AVPX, which antagonizes the vasoconstrictive effect of AVP via V, receptors. AVPX was infused into the vertebral artery, because an earlier experiment has shown that AVP exerts its effect in the hindbrain. 8 During the intravertebral arterial infusion of AVPX, the maximum slope and the range of the baroreflex control of RSNA were significantly decreased compared with those during the vehicle infusion in the early hypertensive group. Endogenous AVP may therefore be responsible for the potentiation of the baroreflex control of RSNA in this model. Recently, controversy has arisen over what types of receptors are involved in the potentiating effect of AVP on the baroreflex. Matsuguchi and Schmid33 found that dPVDAVP (another type of V, receptor antagonist) blocked the central inhibitory neural influence of AVP when the perfusion pressure of the hindquarters of rats was examined. Hasser et a134 demonstrated that the inhibitory effect on RSNA induced by volume expansion was augnented by AVP infusion through the V, receptor in the area postrema.
The above studies may thus support our finding that endogenously elevated AVP was involved in potentiation of the baroreflex control of RSNA through V1 receptors in the early phase of 2K, 1C hypertension in conscious rabbits. It is enigmatic that Smx, of the MAP-RSNA curve with AVPX in the early hypertensive group was smaller compared with that with the vehicle in the sham I group. In interpreting the exaggerated potentiation of the baroreflex control of RSNA, we have to consider the site(s) of action of AVP. Abboud et a19 and Guo et a135 have demonstrated that the sites at which AVP facilitates the baroreflex are located in the afferent limb of the baroreceptor reflex and the central nervous system. Further, Undesser et a18 emphasized the importance of the area postrema in facilitation of arterial baroreflex function by AVP. Taken together, it is suggested that in the present study the exaggerated potentiation of the arterial baroreflex control of RSNA by elevated endogenous AVP in 2K, IC hypertensive rabbits is at least in part attributable to the action of AVP on both the afferent limb of the baroreflex and the area postrema. Therefore, we speculate that the sensitivity of the baroreflex was substantially suppressed because the actions of AVP on both sites were abolished by AVPX infusion.
In assessing the results of the present study, interactions between endogenous Ang II and AVP exerting complex modulations on the baroreflex should be taken into account. Circulating Ang II stimulates AVP secretion,14 and AVP, in turn, acts on the kidney to inhibit renin secretion.36 According to the present results for which antagonists to the neuropeptides were used, elevated Ang II caused by renal clip application seemed to attenuate the baroreflex control of RSNA, whereas endogenously elevated AVP potentiated the baroreflex. Thus, the facilitated baroreflex control of RSNA in the early hypertensive group may reflect a counteraction between endogenous Ang II and AVP in regulating the baroreflex. Alternatively, Ferrario et a137 contend that circulating Ang II might act through AVP to cause inhibitory effects on the sympathetic outflow in the central nervous system or AVP may modulate the interplay between Ang II and the sympathetic nervous system. Thus, it seems possible that the endogenous Ang II and AVP interact with or counteract each other, modifying the baroreflex.
Although in the present study and many previous studies PE has been used as a tool for increasing the MAP, a recent paper by Keast et a138 has indicated that the use of PE to test the baroreflex may be complicated by a direct influence of PE on neurotransmission. In this paper, they clearly demonstrated that neurotransmission in ganglia was facilitated by PE. In this regard, a possibility that PE affects the neurotransmission under the influences of either Ang II or AVP must be taken into account. However, this poses a few problems in the interpretation of the present data, because the infusion of PE was conducted in the identical manner throughout all experiments in the present study.
Plasma concentration of NE has been used as an index of the sympathetic nervous system. The sympathetic nerve activity was reported to be high in the early phase of renovascular hypertension. 39 In the present study, plasma NE concentration in the early hypertensive group was higher than that in the shamoperated group, while the sensitivity of the baroreflex control of RSNA was increased. This phenomenon seems curious. However, the baroreflex control of RSNA might be potentiated to attenuate the facilitated sympathetic nervous system in the early phase of hypertension, or other mechanisms may exist.
In 2K, 1C hypertension, the nonstenosed kidney is well known to compensate for the decreased function of the stenosed kidney. It is thus likely that the elevated renal blood flow and glomerular filtration rate of the intact nonstenosed kidney may reflect a decrease in the magnitude of RSNA caused by the potentiated baroreflex. Faber and Brody40 found that the afferent renal nerve-dependent pressor reflex was revealed after renal artery stenosis in conscious rats and that this pressor reflex was opposed by the arterial baroreflex or the contralateral intact kidney, at least in the acute phase. From these previous experiments, the possibility cannot be excluded that potentiation of the arterial baroreflex control of RSNA observed in our study was caused by compensation of the intact kidney.
The present results indicate a discrepancy between the baroreflex control of RSNA and HR in the early phase of 2K, 1C hypertension. This finding is supported by a hypothesis presented by Kirby and Vat-ner15 that the vagally mediated responses may be more likely to be compromised than the sympathetically mediated responses during the development phase of renal hypertension. Various previous studies have revealed that the baroreflex control of HR in hypertensive animals is impaired with the progression of hypertension.41-43 In 2K, 1C hypertension in dogs, Suzuki et a13 noted that elevation of the blood pressure in 2-3 days after renal clipping was associated with tachycarida. Recently, Moreira et a144 reported that impaired baroreflex control of HR was observed from the initial phase in high-renin renal hypertension. In the present study, the decrease in sensitivity of the baroreflex control of HR in the early hypertensive group resembles the results of these earlier studies.
To evaluate the mechanisms of the discrepancy in the regulations of the baroreflex control of RSNA and HR, we sought to assess the sympathetic and vagal components of the baroreflex curve separately based on the earlier studies of Korner et a145 and Head and McCarty.20 We therefore tried to differentiate the sympathetic and vagal activity contributing the baroreflex responses by administrations of atenolol and methyl atropine. The MAP-RSNA curves with methyl atropine to assess the sympathetic element in the early hypertensive group revealed that the sympathetic nerve component would be accentuated in the early hypertensive group, since the upper plateau, range, and Smax of the relation curve were greater than those with methyl atropine in the sham I group. This may contribute to the facilitated baroreflex control of RSNA recognized in the early hypertensive group. In contrast, the MAP-HR curves with atenolol in the early hypertensive and sham I groups suggested that the vagal component of HR responses might be impaired in the early hypertensive group, which is indicated by reductions in the range and upper plateau, and elevation of the lower plateau of the curve by atenolol. This probably contributed to the attenuated baroreflex regulation of HR in the early hypertensive group. Therefore, these approaches, which differentiate the sympathetic and vagal contributions, could clarify the reason for the discrepancy of the baroreflex control of RSNA and HR observed in the early hypertensive group.
In agreement with previous reports,46 the baroreflex controls of RSNA and HR in the late hypertensive group of the present study were both blunted in comparison with those of the corresponding shamoperated (sham II) group. In the late hypertensive group, we did not determine the sensitivity of baroreflex during Ang II A and AVPX infusions, because the plasma concentrations of both Ang II and AVP were not increased compared with those of the sham II group and significant decrease in MAP was not observed by infusion of Ang II A (data not shown).
In summary, we have determined baroreflex sensitivity in the early and late phases of 2K, 1C hypertension in conscious rabbits. In the early phase of hypertension, the baroreflex control of RSNA was potentiated, and in contrast, the control of HR was attenuated. The plasma concentrations of AVP as well as Ang II increased significantly in the early hypertensive phase. During intravertebral arterial infusion of vasopressin vascular antagonist, the baroreflex sensitivity was significantly decreased. On the contrary, it was increased during infusion of Ang IL A. These findings suggest that a buffering action of the arterial baroreceptor reflex might operate to prevent the elevation of the blood pressure in the early developing stage of hypertension and that significantly elevated, endogenous AVP and Ang II, which counteract each other in the central nervous system, may be involved in the facilitated baroreflex machanism. In this regard, further precise study to investigate the control mechanisms of this counteraction on the baroreflex control will be needed.
